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a  b  s  t  r  a  c  t

Natural  rubber  foams  are  biobased  and  lightweight  products  which  have  found  their  main  field  of  appli-
cation  in  comfort  products  such  as mattresses  and  pillows.  They  are  generally  produced  from  chemical
foaming  processes  in which  the  expansion  of the  polymer  is  isotropic  and  hence,  their  properties  are
not  directionally  dependent.  However,  this  dependency  could  be  interesting  for certain  structural  and
thermal  insulating  applications.  In this  work, elastomeric  foams  based  on  natural  rubber  with  a  medium
relative  density  (around  0.3) and  with  varied  cellular  structures  in terms  of  the  shape  anisotropy  ratio  of
the  cells  were  produced  by a chemical  foaming  process  in which  expansion  was  restricted  to only  one
direction  inside  a mold.  The  use  of solid  precursors  of different  dimensions,  the  elastomeric  properties  of
ross-linked
nisotropy
oams

natural  rubber  and  the  crosslinking  by  sulfur  of the  polymer  matrix  during  foaming  allowed  foams  to be
obtained  with anisotropy  ratios  between  0.90  and  2.48  at the  same  density  and  with  the  same  proper-
ties  as the  polymeric  matrix.  In this  particular  case  the  study  was  focused  on  analysing  their  compressive
modulus  and  its  relationship  with  the  anisotropy  of  the  cellular  structure  by  employing  analytical  models
generally  used  to describe  the mechanical  behavior  of  anisotropic  foams.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Natural rubber is a biobased elastomeric polymer which has
een mainly applied in the tire industry. As foam, natural rubber

s generally used for comfort applications such as in mattresses
nd pillows. These foams are produced from latex, which is the
iquid form of natural rubber and directly extracted from the
evea brasiliensis tree (Ferreira, 2002; Kanokwiroon et al., 2008).
owever, the homogeneity in properties of latex is not always guar-
nteed due to the high amount of substances found in it, such as
roteins, fatty acids, carbohydrates, phospholipids and inorganic
alts (Archer, 1963). Moreover, latex requires chemical stabilization
y ammonia prior to being processed because its properties can be

ffected by the environment during storage. On the contrary, dry
atural rubber, which is obtained from latex after centrifugation
nd drying, is more stable and homogeneous in properties (Najib

∗ Corresponding author at: University of Valladolid, Paseo de Belén 7, Valladolid
7011, Spain. Fax: +34 983423192.

E-mail address: lesalmazo@yahoo.com.br (M.A. Rodriguez-Perez).

ttp://dx.doi.org/10.1016/j.indcrop.2015.10.050
926-6690/© 2015 Elsevier B.V. All rights reserved.
et al., 2011). Natural rubber foams produced from dry natural rub-
ber have great potential for being employed in several industrial
sectors such as in the aeronautics and automotive industries, sports
equipment, footwear, toys and packaging.

Natural rubber has been studied in detail as the main poly-
mer  matrix in biobased composites (Jong, 2015; Wu et al., 2004)
and nanocomposites (Abrahama et al., 2013; Bellucci et al., 2012).
However, there are not many works in literature dealing with
the production of dry natural rubber foams. The few ones found
employed chemical blowing agents, different grades of natural rub-
ber and in some cases the properties of the polymer matrix were
modified by the addition of carbon black (Ariff et al., 2008; Joon-
Hyung et al., 2006, 2007; Najib et al., 2009, 2011). All these works
have in common that dry natural rubber is firstly chemically cross-
linked by compression molding and later foamed at temperatures
above the decomposition temperature of the blowing agent by
free expansion. This produces cellular structures which are mainly

isotropic. In this way, the properties of the foams obtained are not
directionally dependent. The latex foams used in mattresses and
pillows are obtained by industrial processes such as Talalay and

dx.doi.org/10.1016/j.indcrop.2015.10.050
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2015.10.050&domain=pdf
mailto:lesalmazo@yahoo.com.br
dx.doi.org/10.1016/j.indcrop.2015.10.050
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Table 1
Formulation.

Raw material Chemical formula Phra

Dry natural rubber (C5H8)n 100
Zinc oxide ZnO 4.25
Stearic acid CH3(CH2)16COOH 3
Sulfur S8 2
2-Mercaptobenzothiazole S2NC7H7 1
Azodicarbonamide C2H4O2N4 5
L. Oliveira-Salmazo et al. / Industr

unlop in which the expansion of the polymer is also isotropic
Eaves, 2004).

The production of natural rubber foams with anisotropic cel-
ular structures could be important for applications in which for
nstance, different mechanical properties depending on the load
irection are required. This is because the cells are elongated. Shape
nisotropy in cells can be defined as the ratio between the maxi-
um and the minimum length of the cell. Polymer foams usually

resent anisotropy ratios of about 1.3 (Gibson and Ashby, 1997).
n literature there are several models that attempt to describe
he elastic response of polymeric foams under a compressive load
Christensen, 1986; Gibson and Ashby, 1997; Zhu et al., 1997;

arren and Kraynik, 1987) such as the cubic cell model of Gibson
nd Ashby (1997). Nevertheless, in most of them anisotropic cells
re not taken into account. Huber and Gibson (1988) later mod-
fied the model of the cubic cell with the aim of describing the
ehavior of anisotropic foams. They assumed a rectangular open
ell instead of a cubic open cell and introduced the anisotropy ratio
n the equation of the model. These models simulate the mechanical
ehavior of foams with very simple cell geometries such as cubes
nd rectangular prisms, which on many occasions do not represent
he real morphology of the cells. A more complicated cell geometry
s the tetrakaidecahedron, which is known as the Kelvin cell model
Thomson, 1887). It is assumed to be the only polyhedron that packs
o fill space and minimize the surface area per unit volume. Several
uthors employed elongated tetrakaidecahedron with the aim of
nalyzing non-isotropic foams (Gong et al., 2005a,b). Sullivan et al.
2008) (Sullivan and Ghosn, 2009) defined a more general model
han the previous authors based on the elongated tetrakaidecahe-
ron by specifying three independent dimensions and introducing
n additional shape parameter called Q. In these works of Sulli-
an et al., the stiffness and strength ratios of several flexible and
igid foams with anisotropy ratios between 1 and 1.8 are compared
ith the results obtained with the modified Kelvin model. More-

ver, in the work of Hamilton et al. (2013) low-density reinforced
olyurethane foams with anisotropy ratios between 1 and 2 were
valuated by the rectangular cell model and the modified Kelvin
odel.
For these reasons, the objectives of this work are firstly, the

evelopment of a new foaming route which allows elastomeric
oams to be obtained from dry natural rubber and with different
nisotropy ratios at a given density. Secondly, the study of the rela-
ionship between process, structure and properties of the foams
roduced. This study is mainly focused on their anisotropic mor-
hology. The last objective is to evaluate if models generally used
or low density foams such as the rectangular and Kelvin cell mod-
ls are suitable for flexible foams of medium density and with
nisotropy ratios higher than 2 such as the natural rubber foams
eveloped in this work.

. Materials and production process

.1. Materials

Dry natural rubber of the type Crepe Brazilian Clear (CCB)
as employed as the polymer matrix. The vulcanizing agents
ere zinc oxide supplied by Silox, stearic acid from Renichem,

-mercaptobenzothiazole provided by Sigma–Aldrich and finally
ulfur, which was supplied by Panreac. The blowing agent
mployed was azodicarbonamide Porofor MC-1 provided by
anxess with an average particle size of 3.9 �m and with a decom-

osition temperature of 210 ◦C (data obtained from the technical
ata sheet of this material).

The formulation employed for the production of the vulcanized
atural rubber foams is summarized in Table 1.
a Parts per hundred of natural rubber.

2.2. Production process

Three kinds of natural rubber foams with the same density but
with different anisotropy ratios were produced in this work. The
terminology employed for the different foams produced is NRFA
(natural rubber foam of high Anisotropy), NRFM (natural rubber
foam of Medium anisotropy) and NRFI (Isotropic natural rubber
foam).

The production process of these foams consisted of 3 steps. In the
first step, the raw materials were mixed in a Haake internal mixer
model Rheodrive 5000. The temperature was  set to 60 ◦C and the
screw speed to 60 rpm. The temperature was low enough to avoid
premature crosslinking and decomposition of the blowing agent.

Secondly, the blends produced were thermoformed in a hot-
plates press to obtain solid precursors. The temperature employed
was 85 ◦C and the blends were pressed during 5 min. Three kinds
of cylindrical solid precursors of the same weight (7 g) but with
different shape and dimensions were produced with the aim of
obtaining the previously mentioned foams. The dimensions of the
NRFA solid precursor were 10 mm in height and 31 mm in diame-
ter. The NRFM solid precursor was  17.8 mm in height and 23.2 mm
in diameter and finally, the NRFI solid precursor was  24.7 mm in
height and 19.7 mm in diameter. These dimensions can be seen in
Fig. 1 where 3D representations of both, the foaming mold and the
solid precursors employed are shown.

Finally, the solid precursors obtained were placed in a cylindrical
stainless-steel mold such as the one shown in Fig. 1 in order to carry
out the final foaming step in which crosslinking and foaming took
place simultaneously. A hot plates press supplied the heat required
for both processes. The mold was placed between the plates of the
press and the temperature was set to 160 ◦C. The plates of the press
were just in contact with the upper and lower surfaces of the mold.
After 25 min  the mold was removed from the press and cooled
down with water.

The height of the mold cavity was 32 mm as was its diam-
eter. Therefore, the volume of the mold cavity was 25.7 cm3.
The expected density for the natural rubber foams produced is
0.27 g/cm3, which was calculated by dividing the mass of the solid
precursors employed (7 g) by the volume of the mold cavity. The
correspondent relative density is 0.29. In Fig. 1 the terminology
which has been used throughout the article is also shown with the
aim of identifying the expansion direction (D1) and the directions
perpendicular to it (D2 and D3). Due to the cylindrical shape of the
mold, directions D2 and D3 are equivalent and for that reason all
the analyses were focused in one of these directions (D2).

3. Experimental

3.1. Density and volumetric expansion ratio
Density measurements of the foamed and solid samples were
performed by the geometric method; that is by dividing the
weight of each specimen between its corresponding volume (ASTM
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Fig. 1. Mold and solids precursors emplo
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Fig. 2. Dimensions of the cells.

tandard D1622-08). The volumetric expansion ratio (ER) was cal-
ulated as the inverse of the relative density as shown in Eq. (1).

R = 1
�f /�s

(1)

here �f is the density of the foam, �s is the density of the solid
olymer matrix (0.93 g/cm3) and �f /�s is the relative density.

.2. Cellular structure morphology

The cellular structure of the samples was analyzed by using
canning electron microscopy images (SEM). First of all, samples
ere fractured after immersing them in liquid nitrogen. Secondly,

hey were made conductive by sputtering deposition of gold and
nally observed using a Jeol JSM-820 scanning electron microscope.
he SEM images were taken in the plane parallel to the expansion
irection (D1/D2) and in the plane perpendicular to it.

The cellular structure was characterized in the plane parallel to
he expansion direction (D1/D2) by using an image processing anal-
sis tool based on the software Image J (Pinto et al., 2013). The size
f each cell was expressed as the length of the cell in the expansion
irection (˚i1) and the length of the cell in a perpendicular direc-
ion to it (˚i2) as shown in Fig. 2. The one-dimensional foam cell
ize in the expansion plane (˚1,2) was then calculated by Eq. (2)
n which n is the total number of cells. The two dimensional foam
ell size in the expansion plane is expressed as the diameter of a

heoretical sphere (
−
˚) and is calculated as the average between ˚1

nd ˚2 (Eq. (3)) and the anisotropy ratio (R) was calculated as the

atio between these two values (Eq. (4)).

1,2 = �n
i=1˚i1,2

n
(2)
yed. (a) NRFA. (b) NRFM. (c) NRFI.

−
˚ = ˚1 + ˚2

2
(3)

R = ˚1

˚2
(4)

A distribution of cell sizes in terms of ˚1 and ˚2 is represented
with the aim of evaluating in more detail how the cell size varies
depending on the solid precursor employed. The distribution is
expressed as the frequency of cells in percentage within a range
of cell sizes (bin size: 200 �m).  The asymmetry coefficient (AC)
for both, ˚1 and ˚2, was  calculated by using the Eq. (5) where
SD1,2 represents the standard deviation of the distribution in each
direction, which is in turn calculated by Eq. (6).

AC1,2 = �n
i
(˚i(1,2) − ˚1,2)3

n(SD1,2)3
(5)

SD1,2 =

√
�n

i

(
˚i(1,2) − ˚1,2

)2

n − 1
(6)

The homogeneity of the cell size distributions is better described by
the parameter NSD (normalized standard deviation) which is the
ratio between SD and the cell size as expressed by Eq. (7).

NSD1,2 = SD1,2

˚1,2
(7)

Finally the cell density (No, number of cells per cubic centimeter
of the solid material) was  calculated by Eq. (8). This calculus is based
on the Kumarı́s theoretical approximation (Kumar, 1988; Weller
and Kumar, 2010).

No = Nv

1 − Vf
(8)

where Vf is the volume fraction of voids (porosity) and Nv is the
number of cells per cubic centimeter of the foamed material. These
parameters are calculated by Eqs. (9) and (10), respectively.

Vf = 1 − �f

�s
(9)

Nv =
[

(nM2)
A

]3/2

(10)

In these equations �f /�s is the relative density of the foamed
material, n is the number of cells analyzed, A is the image area and
M is the magnification factor of the micrograph.

3.3. Open cell content
The percentage of open cells (OC) was measured with a gas
pycnometer model AccuPyc II 1340 Micromeritics following the
standard ASTM D2856-94. Cubic samples (about 10 mm on one
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F ) NRFI. Perpendicular plane to the expansion direction. (d) NRFA. (e) NRFM. (f) NRFI.
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ig. 3. SEM images of the foamed samples. Expansion plane: (a) NRFA. (b) NRFM. (c

ide) extracted from each kind of foam were employed for the mea-
urements and Eq. (11) was employed to calculate the open cell
ontent:

C = V − V1 − Vs

V
(

Vf

) (11)

here V represents the geometric volume of the sample, V1 is the
olume measured by the gas pycnometer and Vs is the volume of
he cells located at the surface which are open because the sam-
le had to be cut in order to be extracted from the foam. Vs was
easured taking into consideration the cell size of the sample in

he two main directions (˚1 and ˚2) as described in the standard
STM D2856-94. Finally, Vf is the porosity of the foamed sample
hich was previously described by Eq. (9).

.4. Compressive mechanical properties

A mechanical characterization was carried out by compression
ests. The stress–strain curves were obtained at room temperature
ith a Dynamic Mechanical analyzer model DMA-7, PerkinElmer
ith a capacity of up to 2.7 N. The samples measured were cubes of

0 mm on one side and were the same ones employed for the open
ell content measurements. Three replicates were measured with
he aim of obtaining more accurate results. The foams were loaded
ot only in a plane perpendicular to the rise direction (D1) but also

n a plane parallel to it. The stress-rate applied was 500 mN/mm.
he mechanical characterization was only performed in the elas-
ic region and hence, the samples were loaded up to a stress level
elow the collapse strength of the foam. The compressive elastic
odulus for both measurements (E1, E2) was then calculated as

he slope of the elastic-linear region of the stress-strain curves.

. Results and discussion

.1. Cellular structure

The cellular structure of the three kind of foams produced is
hown in Fig. 3 by means of SEM images taken in a plane parallel
o the expansion direction (D1/D2) and in the plane perpendicular
o it.

The SEM images taken in the expansion plane (Fig. 3a–c) show
ow the anisotropy of the cells varies depending on the geome-

ry of the precursor employed. In the case of using precursors with
ractically the same diameter as the mold cavity (NRFA) the foam
nisotropy ratio was higher than in the case of using solid precur-
ors (NRFM and NRFI) whose diameter was lower than that of the
Fig. 4. Cell size distributions. (a) ˚1. (b) ˚2.

mold cavity. The SEM images correspondent to a plane perpendic-
ular to the expansion direction (Fig. 3d–f) show cells practically
isotropic which confirm that the cells present an axisymmetric
geometry.
The cell size distribution for D1 and D2 is shown in Fig. 4.
In the case of ˚1, the isotropic foam (NRFI) presents a more

homogeneous distribution with most of the cells (>65%) located in
a range between 200 and 600 �m.  On the contrary the anisotropic
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Table  2
Density and cellular structure parameters.

Parameters NRFA NRFM NRFI

�f /�s 0.339 ± 0.018 0.376 ± 0.021 0.364 ± 0.080
ER  2.95 2.66 2.74
˚1 (�m) 584.1 532.1 401.4
NSD1 0.56 0.53 0.49
AC1 0.93 0.93 0.71
˚2 (�m) 235.5 363.6 444.2
NSD2 0.58 0.54 0.53
AC2 1.45 0.66 0.77
−
˚ 409.8 447.9 422.8
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R  2.48 1.46 0.90
No (cells/cm3) 9519.4 ± 2492 7664.5 ± 2436 10239.3 ± 2145
OC (%) 44.1 ± 4.2 35.3 ± 10.5 52.4 ± 1.0

oam (NRFA) presents a wider distribution than the isotropic foam.
 high number of cells present values of ˚1 above 600 �m (>40%).

n the case of ˚2 the anisotropic foam is concentrated mainly in the
ange of 0–200 �m while the distribution for the less anisotropic
oams is wider than the anisotropic one.

The relative density, the volumetric expansion ratio, the cell

ize in one dimension and in two dimensions (˚1,˚2,
−
˚), their

orrespondent asymmetry coefficient (AC), normalized standard
eviation (NSD), anisotropy ratio (R), the cell density (No) and the
pen cell content (OC) are shown in Table 2.

The relative density as well as the volumetric expansion ratio is
ery similar for all the foams produced. This fact makes the com-
arison possible between the foams in terms of cellular structure
ecause there is no influence of the density in the results obtained.
he image analysis of the cellular structure in the expansion plane
onfirms the result that was observed in the SEM images. The
nisotropy ratio varies depending on the solid precursor employed.
ample NRFA presents an average anisotropy ratio of 2.48 while
he samples NRFM and NRFI present lower anisotropies, 1.46 and
.90, respectively. In spite of varying the anisotropy ratio the two-

imensional cell size (
−
˚) did not vary significantly. Likewise with

he No values which are very similar for all the foams produced and
herefore, this indicates that the cell nucleation rate and foaming
inetics are the same for each kind of foam. Regarding the one-
imensional cell size, ˚1 and ˚2 are very similar in the case of the

sotropic foam. However, these values start to be different as the
nisotropy of the cells becomes higher. ˚1 grows and ˚2 decreases
hile increasing the anisotropy ratio. For instance, in the case of the

nisotropic foam (NRFA) the value of ˚1 is 584.1 �m while ˚2 is
35.5 �m.  In general the distributions of cell sizes are homogeneous
ecause the NSD values are below 1 and similar for all the mate-
ials. The shape of the distributions is the same for all the foams
ecause the biggest cells are more separated from the average than
he small ones as observed in Fig. 4. This is confirmed by the AC
alues which are all positive.

When considering the mechanical performance of foams of low
r medium densities not only the cellular morphology but also the
pen cell content plays a key role. For this reason the open cell
ontent was measured and later analyzed by means of SEM images.
he values obtained are shown in Table 2. The open cell content
s in general very high and practically the same for all the foams
roduced. The high values obtained can be due to the fact that the
oaming process takes place at the same time as the crosslinking of
he polymer matrix and therefore, when reaching high expansions
he molten polymer is not strong enough to support the pressure
f the gas. This fact is confirmed by the SEM images shown in Fig. 5

here interconnections between cells can be seen.

The reason for obtaining different anisotropy ratios lies mainly
n two facts: in the first place the foams were produced from solid
recursors with the same geometry (all of them are cylinders) but
ps and Products 80 (2016) 26–35

of different dimensions. In the case of the NRFA foam the diameter
of the solid precursor was  practically the same as the mold while
in the case of the other two  foams (NRFM and NRFI) the diameter
gradually decreased and at the same time the height increased. Sec-
ondly, the shape and dimensions of these solid precursors was  not
modified during the heating of the polymer up to the decomposi-
tion temperature of the blowing agent. This can be due on the one
hand, to the elastomeric properties of dry natural rubber. It is an
amorphous polymer whose glass transition temperature is below
ambient temperature (−60 ◦C) and does not melt when the tem-
perature is raised. On the other hand, the natural rubber is being
cross-linked while the temperature increases and therefore the vis-
cosity of the polymer matrix become higher. The combination of
these two facts allows the solid precursor to start to expand without
losing their original shape and dimensions.

Taking this fact into consideration the picture in Fig. 6 explains
the evolution of the foaming process for each kind of foam from
the point at which the blowing agent starts to decompose (t0). Sev-
eral simplifications concerning a foaming process were assumed
to make the schemes of Fig. 6: first of all the nucleation of cells is
homogeneous; hence, the same number of cells was generated for
each kind of foam at the same time. This was confirmed experi-
mentally because the No values are practically the same for all the
foams produced as shown in Table 2. Secondly, during the expan-
sion process (tf − ti) there is no generation of new cells and all the
gas produced goes into the cells already created at the beginning
of the foaming process. Finally, the coalescence phenomenon was
not taken into account. Under these restrictions and once the blow-
ing agent starts to decompose (t0) the cells grow isotropically until
the polymer reaches one of the mold walls (ti). In the case of the
precursor whose diameter is practically the same as that of the
mold (NRFA) this happens almost immediately. This implies that
the expansion is restricted to only one direction earlier than in the
other two  foams (tiNRFA < tiNRFM < tiNRFI) and the cells have more dis-
tance to grow anisotropically. But not only is there more distance
but also more time for the anisotropic expansion to happen because
tf is the same for all the foams and hence, tf − ti for the NRFA foam
it is higher than in the other two. For this reason the anisotropy
ratio of the cells when the polymer completely fills the mold (tf ) is
higher in the NRFA foam than in the other two  cases.

Taking the previous explanation into consideration a theoretical
anisotropy ratio (Rt) in two  dimensions can be determined as the
ratio between the foam height at tf (hf ) and the foam height at ti

(hi). For this calculus it was  supposed that during the anisotropic
expansion (between ti and tf ) the length of the cells in the per-
pendicular direction (D2) was  kept constant and they only grew
in the expansion direction (D1). This is explained also in Fig. 6
where a 2D spherical cell is represented at ti (isotropic cell) and
at tf (anisotropic cell). x represents the length of the cell in D2 and
y represents the length of the cell in D1. This theoretical cell only
grew in D1 during the anisotropic expansion and therefore,x2 is the
same as x1 and at the same time is equal to y1 (x1 = x2 = y1). Due
to this restriction, the problem is simplified to only one dimen-
sion because the only variation in dimensions takes place in D1 and
therefore, the anisotropy ratio can be expressed theoretically as the
ratio between y2 and y1 (Eq. (12)).

Rt = y2

x2
= y2

y1
(12)

Assuming that the theoretical anisotropy ratio can be calculated
as shown in Eq. (12), the ratio between the heights of the corre-
spondent foams should lead to the same result. However, in this

case the total number of cells in height has to be considered as
shown in Fig. 6 where hi is the height of the foam at ti and hf is
the height of the foam at tf (this was only represented in the NRFA
sample but is applicable to the other samples as well). Therefore,
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Fig. 5. SEM images of the foamed samples (40X). (a) NRFA. (b) NRFI.
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Fig. 6. Schematic representation of the expansion proc

he number of cells in the expansion direction can be calculated as
he ratio between h and y at the different times (6 cells in Fig. 6).
hen, the ratio between hf and hi can be expressed by Eq. (13).

hf

hi
= y2nf

y1ni
(13)

If it is assumed that there was no additional creation of cells
nf = ni) during the anisotropic expansion of the polymer (between
i and tf ) and that the growth of the cells created at ti only took
lace in D1 (x2 = y1), the Eq. (13) is simplified to Eq. (14) and the
elationship between heights is equal to the theoretical anisotropy
atio.

t = y2

x2
= hf

hi
(14)

These theoretical (Rt) and experimental (Re) values are shown
n Table 3 together with the precursor and foams dimensions.

The theoretical approach fits very well with the values obtained

xperimentally in the case of the NRFM and NRFI foams. However,
n the case of the NRFA foam these values present a higher dif-
erence in the sense that Rt is higher than Re. This could be due
o the fact that in this foam the time required for the anisotropic
 all the foams produced. (a) NRFA. (b) NRFM. (c) NRFI.

expansion (tf − ti) is higher than in the other two kinds of foams
and therefore, there are more options for new cells to be generated
during this time. In this particular case nf would be higher than ni

and Rt should be calculated as indicated by Eq. (15). In this way
the theoretical anisotropy ratio would be lower and probably more
similar to the experimental result.

Rt = y2

x2
= hf ni

hinp
(15)

4.2. Mechanical properties

Mechanical compressive tests were performed on the foams
produced in two  directions: D1 and D2. Fig. 7 shows typical exam-
ples of the stress-strain curves obtained from the compression
tests.

The compressive modulus of elasticity is calculated from these
curves as the slope of the linear-elastic region. Fig. 8 represents the

relative compressive modulus of all the foams produced in the two
directions: D1 and D2. In spite of the fact that the density is very
similar in all the cases, the compressive modulus is divided by the
density with the aim of showing the results without its influence.
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Table  3
Theoretical and experimental anisotropy ratios.

Sample Solid precursor height (ho) Foam height at ti (hi) Foam height at tf (hf ) Rt Re

NRFA 10.0 11.0 32.0 2.91 2.48
NRFM  17.8 26.6 32.0 1.20 1.46
NRFI  24.7 27.0 32.0 0.84 0.90

Fig. 7. Compressive stress-strain curves.
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The compressive modulus of the foam not only in the expansion
Fig. 8. Relative compressive modulus in two  directions.

The most clear tendency is observed in the expansion direc-
ion (D1) in which the relative compressive modulus increases with
he anisotropy ratio. The highest relative compressive modulus
as obtained for the anisotropic foam (NRFA) whose experimen-

al anisotropy ratio is 2.48 whereas the lowest was obtained for
he isotropic foam (NRFI) whose experimental anisotropy ratio is
.9. The relative compressive modulus obtained for the direction
2 is lower that the one obtained in D1 confirming that these

oams present an anisotropic cellular structure in which the cells
re oriented in the expansion direction (D1). However, this does
ot happen in the NRFI foam in which the compressive modulus in
1 is lower than that in D2. This fact indicates that the cells can be
riented in another direction different from D1. This is confirmed
y the cellular structure characterization because the experimental
nisotropy ratio for this foam is below 1 (0.9).

One of the objectives of this work is the comparison of experi-
ental results for these medium density natural rubber foams with
heoretical models found in literature that describe the mechani-
al behavior in the elastic region under compressive stresses of low
ensity open cell polymeric foams. The first model cosiders a very
Fig. 9. Experimental values and theoretical predictions of the cubic cell model.

simple geometry because the cells are represented as open cubes.
This is the model of Gibson and Ashby (1997) described by Eq. (16)
in which the compressive modulus decreases as a function of rela-
tive density. It is fair to point out that in this model the anisotropy
of the cellular structure is not considered.

Ef

Es
= C(

�f

�s
)
n

(16)

In this equation Ef and Es are the compressive modulus of the
foam and the solid respectively. The value of Es employed here was
1080 kPa and it was  obtained experimentally in a solid with the
same crosslinking degree as the foam. C is a constant of propor-
tionality which is assumed to be 1 and n is an exponent that mainly
depends on the foam microstructure. The experimental values of
compressive modulus and theoretical values for n = 1 and for n = 2
obtained by the cubic cell model are plotted in Fig. 9. The reason
for choosing n = 1 and n = 2 is that most of the polymer based cel-
lular materials have values of n between these two limits (Huber
and Gibson, 1988). Moreover, the experimental exponent was cal-
culated for all the foams analysed and shown in the plot of Fig. 9.

Considering the expansion direction (D1), the lowest value of
n (1.03) was obtained for the anisotropic foam (NRFA) while the
highest value (1.91) was obtained for the isotropic foam (NRFI).

In the second model, Huber and Gibson (1988) described a rect-
angular elongated open cell instead of an isotropic cubic cell. Eq.
(17) is the one employed for this model and is the same as in the
cubic cell model but introducing a function of the shape anisotropy
ratio. In the case of loading the foam in the rise direction (D1) this
function is R which is defined as the ratio between ˚1 and ˚2.
As shown in Eq. (17) there is a linear relationship between the
anisotropy ratio and the compressive modulus of the foam.

Ef

Es
= C

(�f

�s

)2
R (17)
direction (E1) but also in the direction perpendicular to it (E2), both
of them divided by the square of relative density, are represented
versus the anisotropy ratio in Fig. 10. The experimental results do
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Fig. 11. Rectangular cell model. Theoretical and experimental values. ( ) PS (Mehta

16 +
 + Q̃
Fig. 10. Rectangular cell model. Theoretical and experimental values.

ot fit accurately with the prediction of the model but the tendency
s linear.

The rectangular cell model can be extended to measurements
erformed in two directions: D1 and D2. In this way, the calculus of
heoretical values of the anisotropy ratio and the comparison with
he experimental anisotropy ratio is possible. If the compressive

odulus in the rise direction (E1) is divided by the compressive
odulus in the other direction (E2) the relation obtained is only

ependent on the anisotropy ratio as observed in Eq. (18).

E1

E2
= 2R2

1 + (1/R3)
(18)

Fig. 11 represents E1/E2 versus the average anisotropy ratio. The
lack line represents the theoretical values obtained by the model.
he white marks represent the experimental values for the natural
ubber foams produced in this work. Moreover, other experimen-
al values obtained from literature (Huber and Gibson, 1988) are
epresented with the aim of proving the validity of the model
or polymeric foams.The tendency followed by the experimental
esults is different from that predicted by the model. The devia-

ion is higher when the anisotropy ratio increases. One possible
xplanation for this is that the natural rubber foams developed in
his work are composed of cells surrounded not only by struts but
lso by walls and therefore, not only the bending of cell edges but
lso the stretching of cell faces could play a key role in the defor-
ation mechanisms under compressive stresses of these foams.
owever, these foams are not the typical closed cell foams because

here are a high number of interconnections between cells in the
orm of holes in the wall (Fig. 5). This was previously described in
he cellular structure characterization. Moreover, Huber and Gib-
on validated this model for polymer foams of low density and with
nisotropy ratios between 1 and 1.5. Nevertheless, the anisotropy
atios obtained in this work are even higher than 2 and the foams
eveloped have relative densities between 0.339 and 0.376. Finally,

t is fair to point out that this model considers a very simple geom-
try of the cell to describe the mechanical behavior of polymer
oams.

E1

E2
= R2

4

[
(2Q̃ 2R2 + 64Q 3/

√
16 + Q̃ 2R2)C1 + 8RC2Q̃ 3(32 + 4Q

√
16C1 + 8R3C2Q̃ 5/(4Q + 2

√
16
There is another model in literature in which a more complex
ell geometry (tetrakaidecahedron) is considered. This is the case
f the model described by Kelvin (Thomson, 1887). Sullivan et al.
2008) (Sullivan and Ghosn, 2009) modified this model by adding a
and Colombo, 1976), ( ) PU(F) (Hilyard, 1982), ( ) PU(F) (Huber and Gibson, 1988)

(  ) PU(R) (Huber and Gibson, 1988), ( ) polyisocyanurate (Gupta et al., 1986).

geometric term Q that describes the morphology of the cell together
with the shape anisotropy ratio (R). Both parameters are indepen-
dent. In addition, the relative density is also employed in the model.
The Kelvin cell and the parameters that describe its morphology
are reported in literature (Sullivan et al., 2008; Sullivan and Ghosn,
2009). Fig. 12 shows a 3D elongated tetrakaidecahedron which rep-
resents a typical Kelvin cell inside the correspondent theoretical
rectangular cell. The main dimensions of this cell (D, H, L, b and �)
are specified in the 2D representations.

H is the length of the cell in the expansion direction and D is the
length of the cell in the direction perpendicular to it. Q is calculated
as the ratio between b and Lcos�as shown in Eq. (19).

Q = b

Lcos�
(19)

The ratio of the compressive modulus in the rise direction
(E1) and the compressive modulus in the other direction (E2) is
expressed by the Eq. (20).

Q̃ 2R2)/(4Q + 2
√

16 + Q̃ 2R2)(16 + Q̃ 2R2)
(

�f /�s

)
2R2)(16 + Q̃ 2R2)

(
�f /�s

)
]

(20)

In this equation:
∼
Q= 2 + 2Q, C1 = 3 − �/2 andC2 = 20

√
3 −

11�/2
√

3 − � for a hypocycloid cross section.
In previous works Q was  restricted to 1, 2 and

√
2(Sullivan et al.,

2008; Sullivan and Ghosn, 2009). In this work the model is repre-
sented for these same values and compared with the experimental
results and the rectangular cell model. The relative density needed
for the model was  taken as the average between the density of the
different foams produced in this work (NRFI, NRFM and NRFA). The
results are shown in Fig. 13.

On the one hand, the experimental values are in good agreement
with the theoretical predictions of the Kelvin model in the case of
the NRFM and NRFI foams (low anisotropy ratios). This could be due
to the more complex geometry employed by this model, which pro-
vides a more accurate description of the real cellular morphology of
the natural rubber foams developed. Similar results were found in
previous works where the stiffness ratio of low density flexible and
rigid foams with anisotropy ratios lower than 2 were proved to be in

good agreement with the Kelvin model predictions (Hamilton et al.,
2013; Sullivan et al., 2008). The value of Q which better described
the morphology of the cells is 1.40 in the case of the NRFI foam and
0.93 in the case of the NRFM foam.
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Fig. 12. (a) Rectangular and Kelvin cell model representati
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ig. 13. Theoretical values of the rectangular cell model, Kelvin model and experi-
ental values.

On the other hand, the NRFA foam does not fit well with both
he rectangular cell model and the Kelvin model. The experimen-
al stiffness ratio is lower than those obtained for both models.
evertheless, the difference between the Kelvin model and the
xperimental value is lower than the difference with respect to the
ectangular cell model. Therefore, we can conclude that in the case
f flexible foams of medium density and anisotropy ratios higher
han 2 such as the natural rubber foams developed in this work the

echanical behavior is not well described by the previous models.
n these models the theoretical curves obtained grow exponentially

hile the experimental results obtained follow a linear tendency
s observed in the linear fitting represented in Fig. 13.

. Conclusions
In the first place, natural rubber foams with varied cellular struc-
ures regarding anisotropy ratio were obtained by restricting the
xpansion of the polymer inside a closed mold and by using solid
on in 3D. (b) Front view in 2D. (c) Upper view in 2D.

precursors with different dimensions. Moreover, the elastomeric
properties of natural rubber and the crosslinking of the polymer
matrix during foaming were also of paramount importance to
obtain these structures.

Secondly, the cellular structure characterization in the expan-
sion plane by image analysis allowed the quantification of cellular
structure parameters such as cell size and cell shape anisotropy
ratio. The most significant result is that the shape anisotropy ratio
varied from 0.90 to 2.48. All the foams presented high open cell
content.

Geometrical considerations allowed a theoretical anisotropy
ratio to be obtained which was compared with the experimental
anisotropy ratio. The theoretical prediction fit well for the foams of
low anisotropy such as the NRFI and the NRFM foams. On the con-
trary the theoretical anisotropy ratio of the NRFA foam is higher
than the experimental result. This could be due to the fact that
cells are more likely to be generated during the anisotropic expan-
sion of this foam because the time in which growth in one direction
takes place is higher than in the other two. The generation of new
cells during the expansion could avoid the elongation of the cells
already created at the beginning of the foaming process reducing
the expected anisotropy ratio.

Finally, compression tests were carried out in two directions
in all the foams produced and the compressive modulus was
calculated from these tests. With regards to the results in the
expansion direction the main conclusion is that the higher the
anisotropy ratio, the higher the compressive modulus. The exper-
imental results were compared with models found in literature,
such as the rectangular cell model and the Kelvin cell model. The
experimental results seem to fit well with the Kelvin cell model
when low anisotropies are considered. This is the case of the NRFI
and NRFM foams. However, when high anisotropies are considered
such as in the case of the NRFA foam the experimental result is far
removed from both predictions.
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